The carbonate chemistry of the surface ocean is rapidly changing with ocean acidification, a result of human activities 1 . In the upper layers of the Southern Ocean, aragonite-a metastable form of calcium carbonate with rapid dissolution kinetics-may become undersaturated by 2050 (ref. 2). Aragonite undersaturation is likely to affect aragonite-shelled organisms, which can dominate surface water communities in polar regions 3 . Here we present analyses of specimens of the pteropod Limacina helicina antarctica that were extracted live from the Southern Ocean early in 2008. We sampled from the top 200 m of the water column, where aragonite saturation levels were around 1, as upwelled deep water is mixed with surface water containing anthropogenic CO 2 . Comparing the shell structure with samples from aragonite-supersaturated regions elsewhere under a scanning electron microscope, we found severe levels of shell dissolution in the undersaturated region alone. According to laboratory incubations of intact samples with a range of aragonite saturation levels, eight days of incubation in aragonite saturation levels of 0.94-1.12 produces equivalent levels of dissolution. As deep-water upwelling and CO 2 absorption by surface waters is likely to increase as a result of human activities 2,4 , we conclude that upper ocean regions where aragonite-shelled organisms are affected by dissolution are likely to expand.
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Euthecosome pteropods are among a small number of taxa that make their shells principally from aragonite. The effects of A undersaturation on pteropods have mainly been investigated by laboratory incubations under enhanced partial pressures of CO 2 (pCO 2 ), simulating future atmospheric CO 2 scenarios. Pteropods have been found to exhibit shell malformations 14 , lower rates of CaCO 3 precipitation 15 and dissolution of the shell exterior 2 . Effects have also been described on dead specimens collected in deep sediment traps 16 , where shells exposed to aragonite undersaturation had an opaque and pitted appearance. It was demonstrated that sinking dead pteropods dissolved rapidly as they dropped below the saturation horizon 9 . Furthermore, it was found that dissolution in dead specimens starts at A levels at or just below 1 across a range of North Pacific pteropod communities 10 . Until the present study, such effects have not been documented on live animals extracted directly from the natural environment.
Sampling was carried out in the Scotia Sea, located in the Atlantic Sector of the Southern Ocean, where the strong flow of the Antarctic Circumpolar Current is constricted in width. It is a physically dynamic region where deep-water upwelling occurs 17 and eddies from frontal regions are frequently encountered 18 . The interaction of strong Antarctic Circumpolar Current flows coupled with bottom topography leads to greater micronutrient availability and hence extensive phytoplankton blooms downstream of topographic features 19, 20 .
Live pteropods from this region were collected in January and February 2008 during cruise JR177 on RRS James Clark Ross as part of the British Antarctic Survey Discovery 2010 programme. Water sampling and depth-discrete net catches of mesozooplankton to 400 m were carried out along a south to north transect within the Scotia Sea (Fig. 1 ). The saturation horizon for aragonite was 1,000 m across most of the transect. However, at station Su9 (52.6 • S, 39.1 • W), there was a notable incursion of waters with low A values (minimum of 0.997) into layers above 400 m ( Fig. 2) .
L. helicina antarctica dominates mesozooplankton biomass in a number of Southern Ocean regions where it is the principle calcifying organism 21 . It is most commonly found above 400 m depth, particularly concentrating in the layers between 200 m and the surface 3 . It has a life cycle that can last upwards of 2 years, in which time it grows to 1 cm in shell diameter 21 . Analysis was carried out on both freshly caught material preserved directly on collection and on specimens that were incubated under manipulated CO 2 levels (375-750 ppm at 4 • C) to establish a response index. All freshly caught and incubated specimens were preserved in 70% ethanol. Subsequently, they were treated to dehydrate shell layers ( Fig. 3 ) and to remove the periostracum (Fig. 4a,b ) so that the state of the underlying shell matrix could be examined using scanning electron microscopy (SEM).
Different degrees of dissolution were identified in incubated shells of live pteropods (see Supplementary Information). We categorized them into three main levels according to the degree of encroachment on the upper prismatic layer and into the upper shell layer ( Fig. 4 ). Specimens were scored blind and then correlated back to the experimental conditions. Incubations in which even only a slight degree of undersaturation was experienced for 8 d ( A 0.94-1.12, pCO 2 of 675 µatm) were sufficient to cause substantial dissolution of the shell matrix relative to the supersaturated control ( A 1.62-1.78, Fig. 5 ). We then examined freshly caught material, preserved directly on collection, for signs of such shell dissolution. L. helicina antarctica juveniles were found at all sampling stations, with northern stations (<57 • S) containing higher abundances (7.2 × 10 4 -3.4 × 10 4 ind. m −2 ) than those to the south (>57 • S; 2.9 × 10 2 -1.9 × 10 3 ind. m −2 ). At station Su9, we found that L. helicina antarctica juvenile specimens contained all three levels of dissolution. Juveniles from other stations contained only small patches of the least severe level of dissolution (Figs 2 and 5), probably caused by A -undersaturated microenvironments close to the exterior surface resulting from the remineralization of organic matter 22 .
Dissolution of live specimens from Su9 was apparent over the entirety of their shells as opposed to just the growing edge. This indicates first that the periostracum (the outer organic layer) provides little if any protection to the underlying shell matrix in juveniles. If it did so, then the growing edge, where the periostracum is thinnest, would have been more affected. Second, dissolution must have occurred recently; otherwise it would have been apparent also on the oldest, inner whorls and not only at the newly deposited growing parts of the shells. We conclude that the observed dissolution was principally a physico-chemical response to the carbonate chemistry conditions in a body of water inhabited for 4-14 d. The dissolution response is similar to other studies that incubated dead specimens at A ≈ 1 (refs 9,10), underlining the fact that live specimens have little to protect themselves from the effects of A undersaturation. Furthermore, in both live and dead specimens, it is apparent that dissolution can occur rapidly even when in just close proximity to the aragonite saturation horizon.
Regions of upwelling that bring the saturation horizon close to the surface are likely to be repeated through much of the Southern Ocean and are not a modern phenomenon 12 . These deep waters probably came into contact with the atmosphere around 1,000 years ago and so are unlikely to contain any anthropogenic CO 2 . Mixing with surface waters will normally increase A to above saturation levels but increases in surface However, dissolved inorganic carbon (DIC) levels below 100 m were similar to another site with similar water mass properties but low phytoplankton biomass 20 , indicating that extensive remineralization had not taken place and the carbon export had not significantly lowered values of A . Therefore, the primary causes of low A values observed in this instance were mainly from the addition of anthropogenic CO 2 in surface waters mixing with upwelled deep water.
Climate models project a continued intensification in Southern Ocean winds throughout the twenty-first century if atmospheric CO 2 continues to increase 4 . In turn, this will increase wind-driven upwelling and potentially make instances of deep water, undersaturated in aragonite penetrating into the upper mixed layers more frequent. Simultaneously, rising atmospheric concentrations of anthropogenic CO 2 will continue to reduce aragonite saturation levels in surface waters, particularly in polar regions 12 . Conditions such as observed at station Su9 are therefore likely to become more common in the Southern Ocean, making shell dissolution an increasing threat to pteropod populations.
Pteropods do not necessarily die as a result of dissolution. Calcification of the inside of the shell probably continues and, to some degree, counteracts the dissolution of the exterior of the shell. Nevertheless, the observed rapidity of the dissolution response means that, in the present instance, there would have been net loss of shell overall, as reported in other experimental manipulations 15 . The main consequence of such loss of shell is an increased vulnerability to predation and infection, which will in turn impact other parts of the food web 15 . A drop in their population size will affect the ocean's carbonate cycle given the important role of pteropods in balancing oceanic alkalinity budgets 7 . Rates of vertical carbon flux will also decline, as the pteropod shells become less dense and less able to act as ballast for other particulate material 23 . This report documents a dissolution response of live juvenile pteropods within their natural environment as a result of exposure to waters where A ≈ 1. The data validate the prediction of a wide body of laboratory-based studies on the vulnerability of this important taxon to the acidification of polar oceans 2, 14, 24 . The shallow aragonite saturation horizon we observed was at least partially the result of oceanic absorption of anthropogenic CO 2 and demonstrates that the impact of ocean acidification is already occurring in oceanic populations, long before some projected dates of A undersaturation 12 . Regional declines of pteropod populations may occur sooner than projected at present as areas of A undersaturation in Southern Ocean surface waters become more widespread.
Methods
Field sampling. Samples were collected along a south to north transect within the Scotia Sea region of the Southern Ocean (60 • S and 48 • W-50 • S 34 • W, Fig. 1 ) in February 2008 on board the RRS James Clark Ross. Full-depth CTD (conductivity, temperature and depth) casts and plankton net samples were collected every 60 to 100 km along the transect. Water samples were collected every 50 m down to 200 m depth and then every 200 m down to 1,000 m depth during each CTD cast. Juvenile L. helicina antarctica were collected in the upper water column (0-400 m) with a vertically hauled motion compensated Bongo net (0.5m 2 , 100 µm and 200 µm meshed nets). Captured specimens were either preserved immediately in 70% ethanol or used in incubation analyses.
Water analysis. Water samples were used for DIC and total alkalinity analysis following the Standard Operating Procedures for oceanic CO 2 measurements detailed in ref. 20 . A VINDTA (Versatile Instrument for the Determination of Titration Alkalinity; Marianda) was used to measure DIC and total alkalinity, with a Certified Reference Material analysed in duplicate for DIC and total alkalinity at the beginning and end of each sample analysis day. The concentration of DIC was determined using the principles of coulometric analysis 25 . The accuracy of the DIC measurements was 2.4 µmol kg −1 and the precision, 1.5 µmol kg −1 . Analysis for total alkalinity was carried out by potentiometric titration with hydrochloric acid to the carbonic acid end point 26 . The accuracy and precision of total alkalinity values were 2.6 µmol kg −1 and 1.0 µmol kg −1 , respectively. DIC and total alkalinity, alongside temperature, salinity, pressure and macronutrient concentrations from all discrete samples, were used to calculate the remaining carbonate chemistry parameters including total pH (pH T ) and aragonite ( A ). This was carried out using the CO 2 Sys programme 27 with thermodynamic dissociation constants for K 1 and K 2 from ref. 28 and the re-fit by ref. 29 .
Pteropod analysis. Before further analysis, captured pteropod specimens were inspected to select only those that had not suffered mechanical damage during capture. Two sets of control samples were taken to consider capture and incubation effects-one immediately fixed post capture from an A supersaturated region (natural control), another after varying lengths of incubation in A supersaturated conditions ( = 1.7±0.08; incubation control). There was no evidence of the more advanced stages of dissolution (levels II and III) in either the natural or incubation control samples. Level I dissolution covered just under 10% of the surface area in the natural control sample, and 56% of surface area in the incubation control, indicating an incubation effect. Accordingly, dissolution levels II and III were given most weight as indicators of dissolution when comparing incubated material with that taken directly from the natural environment.
Incubations were carried out in 0.22 GF/F filtered sea water to remove bacteria and held in 2 l blacked-out flasks through which was bubbled synthetic air containing one of four different CO 2 mixing ratios (xCO 2 ; BOC Special Products): 375, 500, 750 and 1,200 ppm (µmol mol −1 ). Bubbling was stopped once water reached the correct CO 2 mixing ratio and around 50 individuals (principally juveniles) were introduced to the flask, which was subsequently sealed, with head space kept to a minimum. Incubations were run for between 4 and 14 d, with water samples taken at the start and end of each incubation to verify A state (as above). Accordingly, each flask was categorized into one of three A states: supersaturated (1.1-1.8), transitional (0.95-1.1) or under-saturated (0.75-0.95). All pteropods were preserved in 70% ethanol.
The preparation of preserved pteropod shells is described in detail in an accompanying publication 30 . Briefly, abiogenic crystal precipitates on the shell surface were removed with 6% hydrogen peroxide, followed by a dehydration method including the use of 2,2-dimethoxypropane and 1,1,1,3,3,3-hexamethyldisilazane. This procedure was finely tuned to remove the precipitates and dehydrate the specimens without damaging any shell layers. The overlying organic layer was then plasma-etched to expose the shell microstructure for SEM analysis, using a JEOL JSM 5900LV at an acceleration voltage of 15 kV and a working distance of about 10 mm. Fifteen to twenty SEM photographs were taken across the shell surface area of each specimen to determine the proportion of the shell surface covered by each level of dissolution. Each image was analysed using customized image-segmentation software (EDISON software) that estimated the extent of each dissolution level in each image. Images were combined to determine overall coverage for each specimen. A detailed description and user guidelines on the procedure are given at http://www.uea.ac.uk/ ∼ vtt07vju/segmentation/.
